The improved Kelson-Garvey (ImKG) mass relations are proposed from the mass differences of mirror nuclei. The masses of 31 measured proton-rich nuclei with 7 ≤ A ≤ 41 and −5 ≤ (N − Z) ≤ −3 can be remarkably well reproduced by using the proposed relations, with a root-mean-square deviation of 0.398 MeV, which is much smaller than the results of and Isobar-Mirror mass relations (0.647 MeV). This is because many more masses of participating nuclei are involved in the ImKG mass relations for predicting the masses of unknown proton-rich nuclei. The masses for 144 unknown proton-rich nuclei with 6 ≤ A ≤ 74 are predicted by using the ImKG mass relations. The one-and two-proton separation energies for these proton-rich nuclei and the diproton emission are investigated simultaneously. * Electronic address: tianjunlong@gmail.com
I. INTRODUCTION
Nuclear mass (or binding energy), which reflects directly the sum effect of the strong, weak and electromagnetic interactions among the participating nucleons, plays a vital role in nuclear physics and astrophysics. In nuclear physics, nuclear masses are of great importance for the development of nuclear structure models and the prediction of exotic decay modes and new symmetries. With the help of radioactive beam facilities, a variety of nuclei near or beyond the proton drip line have been produced, including the heaviest and most protonrich doubly magic nucleus 48 Ni [1] . In astrophysics, the investigation of nucleosynthesis and energy generation in the rapid proton capture (rp)-process [2, 3] and νp process [4] depends on the masses of proton-rich nuclei. The rp-process path approaches the proton drip line for heavy nuclei. The proton-separation energy S p is of particular interest to the νp process as it is a process which could resolve the long-standing underproduction of light p-nuclei.
Accurate predictions for the masses of proton drip-line nuclei is therefore urgently required for understanding the rp-process and νp-process [5, 6] .
Available nuclear mass formulas include some global and local formulas. Some global nuclear mass models have been successfully established, such as the Duflo-Zuker model [7] , the finite range droplet model (FRDM) [8] , the Skyrme Hartree-Fock-Bogoliubov theory [9] [10] [11] , the Weizsäcker-Skyrme (WS) mass model [12] [13] [14] . For drip line nuclei, the differences between the calculated masses from these different models are quite large. The local mass formulas are generally based on algebraic or systematic approaches. They predict the masses of unknown nuclei from the masses of known neighboring nuclei, such as the Audi-Wapstra systematics [15] [16] [17] , the Garvey-Kelson mass relations [18] [19] [20] [21] [22] [23] [24] [25] , and the mass relations based on the residual proton-neutron interactions [26] [27] [28] [29] . The main difficulty of the available local mass formulas is that the model errors rapidly increase for nuclei far from the measured nuclei. On the other hand, the concept of symmetry in physics is a very powerful tool for understanding the behavior of nature. The isospin symmetry discovered by Heisenberg plays an important role in nuclear physics. In the absence of Coulomb interactions between the protons, a perfectly charge-symmetric and charge-independent nuclear force would result in the binding energies of mirror nuclei being identical. It is therefore necessary to establish some new mass relations for description of the masses of proton-drip line nuclei according to the mirror effect coming from the isospin symmetry in nuclear physics.
In this work, we attempt to establish some new mass relations for the description of the mass of proton-rich nuclei. The paper is organized as follows: In Sec. II, the improved Kelson-Garvey (ImKG) mass relation are proposed from the mass differences of mirror nuclei including the higher-order mirror nuclei and ordinary mirror nuclei near the N=Z line. In Sec. III, the masses of 144 proton-rich nuclei are calculated with the proposed method. The one-and two-proton separation energies of nuclei, and the diproton emission of nuclei are investigated simultaneously. Finally, a summary is given in Sec. IV.
II. IMPROVED KELSON-GARVEY MASS RELATIONS
A. Kelson-Garvey (KG) mass relations A simple and successful procedure has been introduced by Kelson and Garvey [30, 31] . It is a mass relation which connects masses of higher-order mirror nuclei with ordinary mirror nuclei near the N = Z line,
where B(A, Y ) is the binding energy of a nucleus which can be expressed as a function of mass number A and isotopic number Y = N − Z, and j is to be increased by a step of 2.
The binding energy differences between the most proton-rich and most neutron-rich members of an isospin multiplet can hence be estimated from known binding energy differences between Y = 1 mirror nuclei. A heuristic proof of this relation can again be obtained from an independent particle picture with fourfold degenerate Hartree-Fock or Nilsson-like singleparticle levels. to A = 75 were taken from the experimental mass table given in Ref. [32] . 
for Y = 2 case, and
for Y = 3 case.
Applying Eq.(2), we rewrite Eq.(3) as follows (see Fig.2 ) 
In the same fashion, one can predict the binding energy of unknown proton-rich nucleus 
Following a format similar to Eqs. (6) and (8), the following general relationship is obtained as the improved Kelson-Garvey mass relation
where Y = 2, 3, 4, ...
is to be increased by step of 2.
C. Isobar-Mirror mass relations
Isobar-mirror mass relations are deduced based on three assumptions as follows: 1) The difference between the binding energies of mirror nuclei is only due to the Coulomb interaction. It is known that in the absence of Coulomb interactions between the protons, a perfectly charge-symmetric and charge-independent nuclear force would result in the binding energies of mirror nuclei being identical [33] [34] [35] ; 2) The Coulomb energy difference between a pair of mirror nuclei is proportional to Y , the same as the assumption used in Ref. [33] ,
in which the label i represents the microscopic corrections connected to the nuclear force, which are neglected; 3) The coefficient of proportionality which indeed depends on A, may be considered as independent of Y for a given A. In Refs. [33, 36] , it was found that the b coefficients are roughly constant (see the Tables 3-7 in Ref. [36] ) for a given A, and Ormand 
......
One sees that
If the binding energies for nuclei B (A, 3) , B(A, −1) and B(A, 1) are available, the binding energy for unmeasured proton-rich nucleus B(A, −3) can be predicted by using
Similarly, one can predict the binding energy of unknown proton-rich nucleus B(A, −5) by expressions
and
Taking the mean value for B(A, −5), we can obtain the binding energy of B(A, −5)
Based on the isobar-mirror mass relations, the binding energy of a proton-rich odd-A nucleus can be described by
with Y = 3, 5, 7, 9, ... and t = 1, 3, 5, ..., Y −2. Similarly, the binding energy for a proton-rich even-A nucleus is expressed as of KG [31] and IM, respectively. From Fig.4 , one sees that the deviation between the ImKG calculation and the experimental data is the smallest one. We also note that for two nuclei 11 N and 14 F, the deviations are larger than one MeV from all three methods.
The root-mean-square (rms) deviations between the experimental binding energies [32] and model predictions In Table I, 
B. One-and two-proton separation energies of unknown proton-rich nuclei
Based on the binding energies predicted by the ImKG mass relations, we evaluate oneproton and two-proton separation energies for proton-rich nuclei:
The predicted separation energies for one-proton (S p ) and two-proton (S 2p ) with the ImKG mass relations for 144 proton-rich nuclei with 5 ≤ A ≤ 74 are given in columns 7 and 8 in Table I , respectively. In the calculation, we adopt the experimental data if the mass of the nucleus is available. The masses of unknown nuclei are predicted by using the ImKG mass relations. Fig. 5 and Fig. 6 show the predicted one-proton and two-proton separation energies for proton-rich isotopes of 8 elements Si, Ar, Ca, Ti, V, Fe, Ni and Zn, respectively. One sees that the odd-even staggering effect caused by the pairing interaction is evident for one-proton separation energies, and generally disappears for the two-proton separation energies.
The proton or diproton drip-line is the limit beyond which nuclei become unbound, i.e., S p < 0, or S 2p < 0, where S p and S 2p are the one-and two-proton separation energy. 14 proton-rich nuclei beyond the proton drip-line are observed in experiment, they are 4,5 Li, [32] . Using the separation energies of nuclei listed in Table I, These nuclei with negative one-proton separation energy (S p < 0) and positive twoproton separation energy (S 2p > 0), which lie on the left of the black line and on the right the red line, are good candidates for one-proton emissions. We list here these nuclei 11 energies (S 2p < 0) are good candidates for diproton emissions, which lie on the left of the red line and on the right of the black line. We list five measured proton-rich nuclei with diproton decay mode 6 Be, 8 ) with its associated error in parentheses in keV. 
